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SYNOPSIS

The thesis entitled “Studies in Biomimetic Organic Synthesis Catalyzed by Cyclodextrins” has been divided into five chapters. Chapter-I deals with a brief introduction to “biomimetic organic chemistry”. Chapter-II is divided into two sections. Section-A summarizes the synthesis of -hydroxysulfides from alkenes under supramolecular catalysis in the presence of -cyclodextrin in water and Section-B deals with the supramolecular catalysis of Strecker reaction in water under neutral conditions in the presence of -cyclodextrin. Chapter-III has been divided into three sections. Section-A describes mild oxidation of alcohols with o-iodoxybenzoic acid (IBX) in water in the presence of -cyclodextrin, Section-B deals with highly selective oxidative cleavage of -cyclodextrin-epoxide/aziridine complexes with IBX in water and    Section-C describes selective and efficient oxidation of sulfides to sulfoxides with        N-bromosuccinimide in the presence of -cyclodextrin in water. Chapter-IV is divided into two parts. Section-A deals with the selective C-3 opening of aromatic 2,3-epoxy alcohols/epoxides with aromatic amines catalyzed by -cyclodextrin in water and Section-B represents the synthesis of thiiranes from oxirane--cyclodextrin complexes and thiourea in water. Chapter-V has been divided into two parts. Section-A summarizes the -cyclodextrin promoted aza-Michael addition of amines to conjugated alkenes in water and Section-B describes direct Barbier-type allylation of aromatic acetals and dioxolanes in the presence of -cyclodextrin in water. 

CHAPTER-I: INTRODUCTION TO BIOMIMETIC ORGANIC CHEMISTRY

Mimicking enzymes in their capability to bind substrates selectively and catalyze chemical reactions is one of the important emerging areas of bioorganic chemistry. Biochemical selectivity is the result of the geometry of enzyme substrate complexes in which only certain substrates can fit in the enzyme and only certain sites of the substrate are then in a position to be attacked. Thus, mimicking of biochemical selectivity, which shows shape and substrate selectivity with the reactions being carried out in water will be superior to chemical selectivity. 
	
Of particular interest are the water-soluble hosts with hydrophobic cavities, which mimic these biochemical interactions. Amongst them, cyclodextrins which are cyclic oligosacccharides have excited much interest as enzyme models. Cyclodextrins (CDs) are cyclic oligosaccharides possessing hydrophobic cavities, which bind substrates selectively and catalyze chemical reactions with high selectivity. They catalyze reactions by supramolecular catalysis involving reversible formation of host-guest complexes by non-covalent bonding as seen in enzymes. Complexation depends on the size, shape and hydrophobicity of the guest molecule. Thus mimicking of biochemical selectivity, which is due to orientation of the substrate by complex formation positioning only certain region for favorable attack, will be superior to chemical selectivity, which involves random attack due to intrinsic reactivity of the substrate at different regions. Cyclodextrins being chiral can also induce asymmetric reactions.

The following work has been undertaken utilizing the concept of biomimetic modeling of chemical reactions involving cyclodextrins.

CHAPTER-II:  BIOMIMETIC NUCLEOPHILIC ADDITION REACTIONS 

Section-A: Synthesis of -hydroxysulfides from alkenes under supramolecular catalysis in the presence of -cyclodextrin in water

-Hydroxysulfides are of great synthetic utility in the field of pharmaceuticals and natural products, particularly for the synthesis of leukotrienes such as LTC4 and LTD4. -Hydroxysulfides are also important building blocks for the synthesis of higher functionalized organic molecules such as benzothiazepines, bezoxathiepines, allylic alcohols, -thioketones, -substituted ,-unsaturated enones, -hydroxysulfoxides etc.
General synthetic procedures for the preparation of -hydroxysulfides involve the ring opening of epoxides with thiols in the presence of promoters and/or catalysts. However, most of the methods reported consist of Lewis acid catalysts and suffer with various disadvantages such as drastic reaction conditions, poor regioselectivity, lower yields and undesirable side products by rearrangement of oxiranes and oxidation of thiols. 

However, another method for the straightforward synthesis of -hydroxysulfides involves the thiol-oxygen co-oxidation reactions (TOCO) of olefins. Generally TOCO reaction proceeds free-radical-chain pathway. But these reactions usually require base catalyst with large excess of thiols and are initiated by UV irradiation or peroxides. This methodology also has various disadvantages such as regioselectivity, lower yields (upto 50%) and undesirable side products. In view of these limitations, there is still a need to develop alternative methodologies for the synthesis of these valuable products under mild conditions using water as solvent. With the green chemistry becoming a central issue in both academic and industrial research in the 21st century, the development of environmentally benign and clean synthetic procedures has become the goal of present day organic synthesis. To achieve these ideal conditions, the best choice appeared to be through supramolecular catalysis involving cyclodextrins using water as a solvent. 



The direct one-pot synthesis of -hydroxysulfides from alkenes and thiophenols was achieved in the presence of aerial oxygen under neutral conditions using -cyclodextrin and water. The regioselectivity observed was a perfect single isomer. In all theses cases, the single isomer was derived from the attack of thiol at the terminal carbon. The reaction proceeds efficiently at room temperature without the need of any acid or base catalyst. 
The formation of -hydroxysulfides has been explained as follows: The oxygen complexes with the alkene in the -CD-alkene complex assisted by the hydrogen bonding with the CD hydroxyls and this would be followed by the nucleophilic attack by thiophenol from the primary side of -CD. This reaction is simple under relatively mild conditions with short reaction times and high selectivities using a recyclable catalyst. (J. Org. Chem., 2006, 71, 5819)

Section-B: Supramolecular catalysis of Strecker reaction in water under neutral   conditions in the presence of -cyclodextrin

Strecker reaction is one of the most efficient and straightforward methods for the synthesis of -aminonitriles which are very useful precursors for the synthesis of -amino acids and various nitrogen containing heterocycles such as thiadiazoles, imidazoles etc.2 -Amino acids are also of great biological and economical importance due to their significance in chemistry and biology and as useful chiral building blocks. The classical Strecker reaction is generally carried out by the nucleophilic addition of cynide ion to the imines using different Lewis acid or base catalysts. However, most of these methods involve the use of strong acidic conditions, expensive reagents, extended reaction times, harsh conditions and tedious work-up leading to the generation of a large amount of toxic waste. Furthermore, many of these protocols are limited to aldimines only and are not applicable to ketoimines. Due to various limitations in the existing procedures, an alternate attempt has been made to carryout the Strecker reaction of various aldimines and ketoimines under biomimetic conditions using -cyclodextrin in water.

This is the first practically feasible Strecker reaction of various aldimines and ketoimines with trimethylsilyl cyanide in water. The reaction proceeds efficiently at room temperature without the need of any acid or base catalyst. This methodology is compatible with various substituted aldimines and ketoimines such as chloro, bromo, flouro, methyl, methoxy, allyloxy, nitro and double bonds under mild reaction conditions. 

The catalytic activity of cyclodextrins for this Strecker reaction is established by the fact that no reaction was observed in the absence of cyclodextrin. The mechanism of Strecker reaction was postulated as follows: hydrogen bonding of CD hydroxyl with the nitrogen of the imine increases the electrophilicity of the imine carbon thus activating it for attack by the cyanide ion. 

This methodology is very simple, high yielding and environfriendly. Significant improvements offered by this procedure are (i) faster reaction times (ii) operationally simple and mild conditions (room temperature) (iii) excellent yields (iv) cost efficiency providing recyclability of the catalyst and (v) green aspect avoiding hazardous organic solvents, toxic and expensive reagents. (J. Org. Chem., 2006, 71, 2532)

CHAPTER-III:  BIOMIMETIC OXIDATION REACTIONS 

Section-A: Mild oxidation of alcohols with o-iodoxybenzoic acid (IBX) in water in the presence of -cyclodextrin

The selective oxidation of alcohols to carbonyl compounds is a highly active research field due to synthetic and commercial relevance of these compounds both for natural product synthesis as well as for fine chemical production. The catalytic conversion of alcohols to carbonyl compounds is used in the preparation of fragrances and food additives as well as in many organic intermediates. The use of aqueous medium as solvent under supramolecular catalysis also reduces the harmful effects of heavy metal oxidants and organic solvents. 
Hypervalent iodine reagents are well known for their selective, efficient, mild and environ friendly properties as oxidizing agents. Though o-iodoxybenzoic acid (IBX) and Dess-Martin periodinane (DMP) are the two important reagents which are suitable for a wide range of chemical transformations, IBX has evolved as the reagent of choice due to easy handling, stability to longer shelf life, tolerance to moisture and zero toxic waste generation. IBX is virtually insoluble in most of the organic solvents such as sulfolane, DMF, MeCN, CHCl3, CH2Cl2, acetone and THF. Generally the reactions with IBX are carried out in DMSO. The limited solubility of IBX has also restricted its utility. 



In the present investigation, the first examples of the oxidation of alcohols and diols have been described to carbonyl compounds under supramolecular catalysis with -cyclodextrin (-CD) using o-iodoxybenzoic acid (IBX) in water. This reaction is highly selective for vicinal diols in oxidizing only the secondary hydroxy group alpha to the benzene ring. No over oxidation to acids was observed in the case of aldehydes.  In these reactions, iodosobenzoic acid (IBA) obtained from the reduction of IBX has been recycled by oxidation to IBX. Cyclodextrin has also been recovered and reused.

A mild and simple methodology has been developed for the oxidation of a variety of alcohols using IBX in water under supramolecular catalysis. (J. Org. Chem., 2003, 68, 2058)
Section-B: Highly selective oxidative cleavage of -cyclodextrin-epoxide/aziridine complexes with IBX in water

-Hydroxyketones and -aminoketones are widely used as synthetic intermediates of high significance in organic and medicinal chemistry.-Hydroxyketones are structural components of natural products such as sugars, -hydroxy -aminoacids as well as antitumour agents and cortico steroid antiinflammatory drugs. -Amino aryl ketones are also an important class of organic synthetic intermediates and provide starting materials for the synthesis of biologically active -aminoalcohols. 

Amongst various methods available for the synthesis of -hydroxyketones, the oxidation from the corresponding epoxides occupies prominent position. To the best of our knowledge, there are only few reports available in the literature for the oxidation of epoxides to -hydroxyketones. These methodologies also suffer with various disadvantages. As could be seen from the literature there is no report on the oxidation of aziridines to -aminoketones. In view of these limitations, there is still a need for mild and widely applicable alternate approach using water as solvent. We have developed, herein, the utility of IBX for the first time for the synthesis of -hydroxyketones and     -aminoketones from the corresponding epoxides and aziridines respectively as their -cyclodextrin complexes in aqueous medium.



The product formation from the respective epoxides/aziridines in these CD catalyzed reactions in water has been postulated and confirmed by spectroscopic evidence as follows: the fact that these reactions do not take place in the absence of cyclodextrins and also that IBX is insoluble in water shows the essential role of cyclodextrin. The cyclodextrin activates not only the epoxide/aziridine but also forms CD-IBX complex through H-bonding which first oxidizes the epoxide to 1,2-diol and aziridine to -aminoalcohol which further get oxidized at the secondary position to give the respective ketones. Evidence to this mechanistic approach was deduced from 1H NMR spectroscopy. 

This is the first report for the synthesis of -hydroxyketones and -aminoketones directly from the easily accessible epoxides/aziridines in the presence of -cyclodextrin and IBX in water. (J. Org. Chem., 2003, 68, 9119)

Section-C: Selective and efficient oxidation of sulfides to sulfoxides with                  N-bromosuccinimide in the presence of -cyclodextrin in water

Organic sulfoxides are versatile synthons for C-C bond formation, molecular rearrangements, functional group transformations and are also utilized as precursors for biologically active and chemically important compounds. The selective and catalytic oxyfunctionalization of sulfur is a pivotal reaction in organic synthesis. Hence, selective oxidation of organic sulfides is very important from both industrial and green chemistry points of view, as organosulfur compounds are a major source of environmental pollution. In view of the importance of sulfoxides, several reagents have been used for this key transformation such as H2O2 and its derivatives, CAN, MnO2-H2SO4/silica gel, MnO2-HCl, and metal salts etc. Though different approaches have been reported there are various limitations such as the use of strong acidic or basic conditions, elevated temperatures, long reaction times, hazardous organic solvents and reagents, transition metal catalysts, promoters for the activation of catalysts and low yields. Due to various limitations in the existing procedures, we developed an alternative method for the oxidation of sulfides with NBS catalyzed by -cyclodextrin in water. 

In general, the reaction was carried out by the in situ formation of the -cyclodextrin complex of the substrate in water followed by the addition of NBS and stirring at room temperature to give the corresponding sulfoxides in high yields. The reaction goes smoothly at room temperature without the formation of any side products. No stringent conditions were required for these selective oxidations. In these oxidations hydrogen bonding may be assisting in controlling the chemoselectivity, since cyclodextrin can bind the product sulfoxide by hydrogen bonding with the oxygen of the sulfoxides decreasing the nucleophilicity of the sulfur and preventing further oxidation of sulfoxide to sulfone. 

These reactions do not take place in the absence of cyclodextrin indicating the essential role of CD. It was deduced from 1H NMR that the CD will be forming an inclusion complex with the thioether from the secondary side with the attack of NBS from primary side enabling the reaction to proceed. 

This is simple and efficient method for the oxidation sulfides to sulfoxides without any overoxidation to sulfones. Moreover the reaction proceeds under neutral and mild conditions and can be carried out easily at room temperature with recycling of cyclodextrin and regeneration of NBS. (Tetrahedron Lett., 2005, 46, 4581)

CHAPTER-IV: BIOMIMETIC SYNTHESIS OF -AMINO ALCOHOLS AND  THIIRANES 

Section-A: The selective C-3 opening of aromatic 2,3-epoxy alcohols/epoxides with aromatic amines catalyzed by -cyclodextrin in water
 
Oxiranes are well-known carbon electrophiles and their synthetic potential is enhanced by their ability to undergo regioselective ring opening reactions. Ring opening of epoxides with amines yields -aminoalcohols which are versatile intermediates in the synthesis of biologically active natural products, unnatural aminoacids, -blockers and chiral auxiliaries. 

Though, the ring opening of epoxides has been studied with several nucleophiles, little attention has so far been given to the chemistry of 2,3-epoxy alcohols and their derivatives. Only few methods are known for the ring opening of 2,3-epoxy alcohols with amines. However, these reactions are generally carried out with large excess of amines at elevated temperatures utilising expensive and stoichiometric amounts of reagents with extended reaction times and also entailing undesirable side reactions, poor regioselectivity and low yields. However, regioselective cleavage of 2,3-epoxy alcohols and their derivatives with amines is interesting because the resulting aminoalcohols are valuable targets as a result of their role as key synthetic intermediates in a variety of pharmaceutically important compounds.  Thus, the utility of these reactions is dependent on the regioselectivity. In view of the high importance of regioselective ring of epoxides, we have developed a widely applicable approach for the C-3 selective ring opening of various substituted epoxides using water as solvent with a recyclable catalyst minimizing the use of harmful organic solvents. 

This biomimetic approach involves highly regioselective aminolysis of trans-disubstituted aromatic epoxides/terminal epoxides with aromatic amines catalysed by -cyclodextrin in water.



The reaction proceeds smoothly at room temperature without the formation of any side products or rearrangements. In the presence of -CD, ring opening of trans-2, 3-epoxy alcohols with aromatic amines yielded the C-3 opened product as the major isomer as detected by 1H NMR spectroscopic analysis.  We have also examined the opening of terminal aromatic epoxides with aromatic amines. These reactions are highly selective forming -amino alcohols as the only products in excellent yields keeping intact functionalities such as methoxy and acetoxy. Selectivity was also observed with styrene epoxide where the amine attacks the terminal carbon. 

This is the first biomimetic synthesis of amino alcohols of high regioselectivity from the easily accessible oxiranes and inexpensive amines in the presence of -cyclodextrin in water. This approach is comparatively simple with high practical utility. (Synlett 2005, 506)


Section-B: A new and efficient method for the synthesis of thiiranes from oxirane--cyclodextrin complexes and thiourea in water 

Organosulfur compounds have become increasingly useful and important in organic synthesis. Of them, thiiranes are the simplest sulfur heterocycles and are most interesting class of compounds both from theoretical and synthetic points of view. They have been used advantageously in pharmaceutical, polymer, pesticide and herbicide industries. Utility of thiirane intermediates has been demonstrated in the synthesis of thioglycosides, which have structural similarity with natural substrates. 

Although a variety of methods have been developed for the synthesis of thiiranes, many of these methods have serious limitations such as extended reaction times, strongly acidic or oxidizing conditions, low yields, elevated temperatures, hazardous reagents and solvents, undesirable side products, difficulties in separation of the product from the original reactant and catalyst, use of expensive and unrecoverable catalysts, foul smelling reagents which must be handled carefully etc. At times protic acids such as trifluroacetic acid or strong Lewis acids have also to be employed.  

In order to overcome the severe limitations associated with the reported methodologies, an attractive procedure for the synthesis of thiiranes different from the classical approach was developed under supramolecular catalysis in water in the presence of -cyclodextrin. The reactions were carriedout by the in situ formation of the -cyclodextrin complex of the epoxide in water followed by the addition of thiourea and stirring at room temperature to give the corresponding thiiranes in impressive yields. These reactions take place at room temperature and no side products or rearrangements were observed. 



In these reactions, the evidence for the formation of cyclodextrin-epoxide complex was supported by 1H NMR spectroscopy. -Cyclodextrin can be easily recovered and reused number of times. Here the role of cyclodextrin appears to be not only to activate the oxiranes but also to promote highly selective ring opening due to inclusion complex formation with cyclodextrin in this new biomimetic methodology. 

This methodology describes a simple, convenient and highly efficient method for the conversion of oxiranes to thiiranes. (Tetrahedron Lett., 2004, 45, 6523)

 


CHAPTER-V: BIOMIMETIC AZA-MICHAEL ADDITION AND BARBIER-TYPE ALLYLATION REACTIONS

 Section-A: -Cyclodextrin promoted aza-Michael addition of amines to conjugated alkenes in water

The conjugate addition of amines to electron deficient olefins to form carbon-nitrogen bond (aza-Michael reaction) is an important reaction in organic chemistry especially for the synthesis of heterocycles containing a -amino carbonyl unit. -Amino carbonyl compounds are versatile synthetic intermediates for the synthesis of a variety of biologically important natural products, antibiotics, -amino alcohols, chiral auxiliaries and other nitrogen-containing compounds. These compounds also find wide applications in fine chemicals and pharmaceuticals.

The conjugate addition of amines to electron-deficient alkenes is usually promoted by either acidic or basic catalyst. Among various methods reported so far in the literature, most of the procedures suffer from drawbacks such as use of expensive, moisture sensitive and hazardous reagents, high temperatures and longer reactions times. In some cases, in the presence of base, side reactions such as secondary additions, bis additions, polymerizations and rearrangements are encountered. However, despite their remarkable success, the use of heavy metal salts coupled with hazardous solvents is not desirable from the ‘green chemistry’ point of view.

In view of these limitations, there is need to develop alternative methodologies for the synthesis of these valuable products under mild conditions using water as solvent with a recyclable catalyst and without the use of any harmful organic solvents. These ideal conditions were achieved through supramolecular catalysis involving cyclodextrins with water as solvent. 


The reaction was carried out by the in situ formation of the -CD complex of the amine in water followed by the addition of olefin and stirring for 6-8 h at room temperature to give the corresponding -amino carbonyl compounds in impressive yields. This methodology is compatible with various ,-unsaturated ketones, esters, and nitriles and different primary and secondary amines. In the case of aromatic and benzyl amines, only the monomer was formed with high selectivity.  In the case of aliphatic amines only 0.1 mmol of -CD was required.

The catalytic activity of cyclodextrins for these aza-Michael additions was established by the fact that no reaction was observed in the absence of cyclodextrin. The hydrogen bonding of amines with the CD hydroxyl makes the N-H bond weaker enhancing the nucleophilicity of nitrogen for addition to electron-deficient alkenes. 

These CD-mediated aqueous reactions are very useful from both economical and environmental points of view. This methodology demonstrates the successful use of -cyclodextrin in water for the aza-Michael addition of amines to electron-deficient olefins to produce -amino compounds in good yields. (Tetrahedron Lett., 2006, 47, 2125)

Section-B: Direct Barbier-type allylation of aromatic acetals and dioxolanes in the presence of -cyclodextrin in water

Allylation of carbonyl compounds is an important carbon-carbon bond forming reaction in organic chemistry for the preparation of homoallylic alcohols which are useful tools for the construction of complex molecules. Amongst the various methods for protecting carbonyl compounds, acetals are the most commonly used protecting groups in the course of total syntheses. However, methodologies involving direct allylation of acetals are highly advantageous over the two-step procedures, which include converting acetals to carbonyl compounds and then allylating later.  Only few methods have been reported for the direct conversion of acetals to homoallyl alcohols. These methods also have some disadvantages such as the use of hazardous organic solvents, expensive and moisture sensitive reagents, etc. To date, there is no report on the conversion of acetals to homoallyl alcohols in aqueous medium.

In order to develop an environmentally benign process for C-C bond formation, we have applied supramolecular catalysis to the zinc-mediated allylation reaction in water. Zinc is commonly accepted as being non-toxic and is usually activated in aqueous Barbier reactions. A practical and efficient method has been developed for the first time for the direct synthesis of homoallylic alcohols from aromatic acetals in the presence of -cyclodextrin and Zn/allyl bromide in water. 



These reactions could be effectively carried out at 50oC and did not proceed in the absence of CD. The -cyclodextrin can also be recovered and reused. Here, the role of CD appears to be to activate the acetal or dioxolane group by hydrogen bonding, thereby facilitating its cleavage in situ and also enhancing the reactivity of the carbonyl oxygen for Barbier-type allylation reaction.

This work demonstrates a new, mild and efficient procedure for the synthesis of homoallylic alcohols directly from aromatic acetals and dioxolanes using a zinc-mediated Barbier reaction in the presence of -cyclodextrin as the catalyst with water as solvent. (Tetrahedron Lett., 2006, 47, 2133)
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